Abstract. The present study examined the involvement of autophagy as a mechanism in the protective effect of quercetin (QUE) on atherosclerosis (AS) in ApoE -/-mice. An AS model was established by feeding ApoE -/-mice a high-fat diet (HFD). Mice were divided into four experimental groups: The model, QUE, 3-methyladenine (3-MA) and QUE + 3-MA groups. Additionally, age-matched wild-type C57BL/6 mice were used as a Control group. Autophagosomes in the aorta were examined using a transmission electron microscope. Aorta pathology, serum lipid accumulation and collagen deposition were determined by hematoxylin and eosin, Oil Red O and Masson staining, respectively. The levels of cytokines, including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-18 (IL-18) were measured using ELISA assays. Protein levels of mTOR, microtubule associated protein 1 light chain 3a (LC3), P53 and cyclin dependent kinase inhibitor 1A (P21) in the aorta were analyzed using western blotting. ApoE -/-mice which were fed HFD exhibited substantial AS pathology, no autophagosomes, higher levels of TNF-α, IL-1β, IL-18 and mTOR and lower ratios of LC3 II/I. All these alterations were ameliorated and aggravated by QUE and 3-MA treatment, respectively. The inhibition of AS by QUE may be associated with the enhancement of autophagy and upregulation of P21 and P53 expression.
Introduction
Atherosclerosis (AS) is a common pathological basis of cardiovascular and cerebrovascular diseases, and inflammatory reactions and lipid metabolism disorders serve an important role (1) . AS is prevalent in the elderly, and its incidence increases with age. Therefore, aging is a key causal factor of AS (2) . In particular, a study has previously reported that cell senescence may be observed in atherosclerotic plaques in patients with AS (3) . Oxidative stress damage and vascular inflammation caused by senescence can cause arterial dysfunction (4) . Cyclin dependent kinase inhibitor 1A (P21) and P53 are considered to be marker proteins for senescence (5) .
Autophagy protects the body from stress damage and delays the development of aging-associated diseases such as AS (6) . Autophagy is an effective response against inflammation and oxidative stress in AS plaque cells, and thus it is considered to serve an important role in the initiation and development of AS (7) . Autophagosomes observed under a transmission electron microscope (TEM) are regarded as the gold standard for autophagy detection (8) . mTOR is a member of the PI3K-related family of protein kinases. mTOR integrates multiple upstream signaling pathways, interacts with regulator proteins and is a key regulatory molecule in the induction of autophagy (9) . Microtubule associated protein 1 light chain 3α (LC3) is a cytosolic ubiquitin-like protein that binds to phosphatidylethanolamine to form autophagosomes (10) . 3-methyladenine (3-MA) is a widely used autophagy inhibitor, which inhibits class III PI3K and blocks the early stage of autophagy (8) .
The Traditional Chinese Medicine (TCM) monomer quercetin (QUE), a flavonoid compound with anti-inflammatory, antioxidative and lipid metabolism-modulating properties, has been demonstrated to have therapeutic effects in AS treatment (11) . Previous studies have revealed that QUE can effectively interfere with AS development by regulating inflammatory mediator production and promoting cholesterol efflux (12, 13) . A previous study our laboratory revealed that QUE can effectively reduce oxidized-low density lipoprotein (ox-LDL)-induced RAW264.7 cell damage, reduce lipid accumulation and delay cell senescence (14) . Additionally, it has been demonstrated that QUE serves an important role in the prevention and treatment of AS by upregulating autophagy in endothelial cells to protect cells from stress damage (15) . However, it is unclear whether QUE exerts anti-atherosclerotic effects by regulating autophagy in ApoE -/-mouse models of AS induced by a high-fat diet (HFD).
In the present study, using an AS model in ApoE -/-mice, aorta autophagosomes were analyzed using TEM, protein levels of mTOR, LC3 II/I ratio, P53 and P21 in the aorta were examined using western blotting analysis, levels of the cytokines tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-18 (IL-18) were assessed using ELISA assays, and aorta pathology, lipid accumulation and collagen deposition were investigated using hematoxylin and eosin (H&E), Oil Red O and Masson staining, respectively. Based on the results of these analyses, deeper mechanistic insights into QUE-mediated inhibition of AS development were gained. mice + HFD + 3-MA (3-MA group); and iv) apoE -/-mice + HFD + 3-MA + QUE (QUE + 3-MA group). In addition, 24 age-matched wild-type C57BL/6 mice were used as normal controls (Control group). The HFD was established by adding 21% fat and 0.5% cholesterol to the standard mouse basal diet. The number of samples per group for each experiment was 6. The health and behavioral status of mice were monitored every 2 weeks. The QUE group was treated by daily oral gavage of a QUE solution (12.5 mg/kg), and the 3-MA group was treated by peritoneal injection of a water solution containing 3-MA (15 mg/kg) every other day, as previously described (13, 18) . Mice in the Model and Control groups were given an equal volume of distilled water by oral gavage on a daily basis. HFD feeding to establish the AS model and drug regimens started at the same time and lasted for 12 weeks.
Materials and methods

Experimental
Detection of AS indicators
Aorta pathology. Mice were sacrificed by cervical dislocation following anesthesia. Then, the heart and aorta from the thoracic to abdominal sections were removed and fixed in 10% formalin (room temperature; 1 day) solution for later paraffinization (six mice per group; thickness of sections, 5 µm; for H&E and Masson staining) or frozen sectioning (six mice per group; thickness of sections, 10-15 µm; for Oil Red O staining). H&E, Oil Red O and Masson staining (room temperature) were performed on the aorta section samples to determine aorta lipid plaque areas, lipid accumulation and collagen fiber content, respectively. Images were acquired using a digital scanning system (Pannoramic MIDI; 3DHISTECH, Ltd.). Semi-quantitative analysis was conducted as follows: Plaque area (PA; mm 
Analysis of autophagosomes by TEM.
Following anesthesia with pentobarbital sodium (50 mg/kg; i.p.), mice were sacrificed by cervical dislocation and the aortic arch was quickly isolated. Six mice per group were used for these experiments. A small piece of tissue was cut out and fixed in 2% glutaraldehyde-OsO 4 for 2 h. Subsequent to ethanol series dehydration, epoxy resin embedding (37˚C; 3 h), ultra-thin sectioning (70 nm), uranyl acetate (30 min) and citric acid staining (10 min), autophagosomes were observed using a TEM (JEOL JEM-1230, JEOL, Ltd.). All aforementioned procedures were performed at room temperature.
Serum lipid analysis by ELISA. Following anesthesia with pentobarbital sodium (50 mg/kg; i.p.), mice were sacrificed by cervical dislocation. Blood was collected using an orbital sinus blood collection method for ELISA analyses, and fresh tissue samples were collected for western blot analysis described below. Six mice per group were used for these experiments. Blood was allowed to set for 12 h prior to being centrifuged at 13,523 x g at 4˚C for 30 min to obtain serum. TC, TG, HDL-C and LDL-C levels were measured using ELISA kits following the manufacturer's protocols. Optical density (OD) 450 values of samples were acquired using a microplate reader (PowerWave TM XS; BioTek Instruments, Inc.) and used to calculate concentrations based on standard curves generated using serially diluted standards.
Serum TNF-α, IL-1β and IL-18 analysis by ELISA.
Serum samples were prepared as described above. TNF-α, IL-1β and IL-18 levels were measured using ELISA kits according to the manufacturer's protocols. OD 450 values of samples were acquired using a microplate reader (PowerWave TM XS; BioTek Instruments, Inc.) and used for calculating concentrations based on standard curves generated using serially diluted standards.
Measurement of Aorta mTOR, LC3
, P53 and P21 protein levels by western blotting. Proteins were extracted from aorta tissues with RIPA lysis buffer containing PMSF. Following centrifugation at 13,523 x g at 4˚C for 30 min, the supernatant was collected for protein quantification using the BCA method. Samples were mixed with 5X loading buffer (cat. no. P0015; Beyotime Institute of Biotechnology) and heated in boiling water for 10 min to denature proteins. These treated samples (amount of protein, 30 µg) were separated on SDS-PAGE gels (percentage of the gel, 12%) and then transferred to PVDF membranes (cat. no. IPVH00010; Millipore). The membranes were blocked with 5% skimmed milk (cat. no. C500625; Sangon Biotech) for 2 h at room temperature and subsequently incubated in the aforementioned primary antibody solutions (1:1,000 dilutions; 4˚C) overnight. After washing, membranes were incubated with the aforementioned secondary antibodies (1:1,000) for 1 h at room temperature. An Odyssey far-infrared luminescence scanner (cat. no. 9120; Li-COR Biosciences) was used to capture the image. Protein band images were acquired and analyzed as integrated absorbance (IA; IA=mean OD x area) using Image J (version 1.8.0; National Institutes of Health), and the relative levels of target proteins were normalized to GAPDH (target protein IA/GAPDH IA).
Statistical analysis. Statistical analysis was conducted using SPSS software (version 23.0; IBM Corp.), and figures were generated using GraphPad Prism 5 software (GraphPad Software, Inc.). Results are presented as the mean ± SD. Each experiment was replicated ≥3 times. Differences between two groups were determined by unpaired t-tests and differences among three or more groups were assessed using one-way ANOVA followed by Student-Newman-Keuls test was then utilized. P<0.05 was considered to indicate a statistically significant difference.
Results
Serum lipid profiles.
The Model group exhibited higher serum levels of TC and LDL-C, and lower levels of HDL-C compared with the Control group (P<0.01; Table I ). Compared with the Model group, the QUE group had lower serum levels of TC and LDL-C (P<0.01; Table I ). Compared with the 3-MA group, the QUE + 3-MA group had lower serum levels of TC and LDL-C (P<0.01; Table I ). No statistically significant differences in TG content between the groups were observed.
Serum TNF-α, IL-1β and IL-18 levels. The Model group exhibited higher serum levels of TNF-α, IL-1β and IL-18 compared with the Control group (P<0.01; Table II) . Compared with the Model group, serum levels of TNF-α, IL-1β and IL-18 were lower in the QUE group (P<0.01; Table II) but higher in the 3-MA group (P<0.01; Table II ). The serum levels of all examined cytokines were lower in the QUE + 3-MA group compared with the 3-MA group (P<0.01; Table II) .
Aorta pathology H&E staining. Following HFD feeding for 12 weeks, mouse aortic roots exhibited significant formation of AS plaque compared with the Control group (P<0.01; Fig. 1A and B) . Compared with the Model group, areas of AS plaque were significantly smaller in the QUE group (P<0.01; Fig. 1A and B) , and significantly larger in the 3-MA group (P<0.01; Fig. 1A and B) . Compared with the 3-MA group, the QUE + 3MA group exhibited significantly smaller areas of AS plaque (P<0.01; Fig. 1A and B) .
Oil red O staining. Aortic roots of mice in the Model group had larger amounts of red-stained lipid accumulation compared with the Control group. Compared with the Model group, lipid content was significantly less abundant in the QUE group (P<0.01; Fig. 2A and B) , and more abundant in the 3-MA group (P<0.01; Fig. 2A and B) . Lipid content in the QUE + 3-MA group were significantly less abundant than those in the 3-MA group (P<0.01; Fig. 2A and B) . Masson staining. Aortic walls in the Control group exhibited large amounts of collagen and smooth muscle fibers, while the AS plaques in the Model group contained thin layers of fibrous caps and few matrix fibers (P<0.01; Fig. 3A and B) . Compared with the Model group, the QUE group exhibited more collagen fibers (P<0.05; Fig. 3A and B) , whilst the fibrous caps of plaques in the 3-MA group were thinner and contained less collagen (P<0.01; Fig. 3A and B) . The collagen fibers in aortas from the QUE + 3-MA group were more abundant compared with the 3-MA group (P<0.05; Fig. 3A and B) .
TEM observations. Macrophages in aortas of the Control group exhibited intact structures and contained small numbers of autophagosomes, which were less abundant in the Model group. Aortic macrophages in the QUE group exhibited more autophagosomes Compared with the Model group, whilst the 3-MA group exhibited no autophagosome formation. However, unlike the 3-MA group, autophagosomes were found in the aortic macrophages of the QUE + 3-MA group (Fig. 4A) .
Aortic expression of the autophagy-associated proteins mTOR, LC3, P53 and P21. The aortas of mice in the Control group exhibited higher of LC3 II/I ratios and lower expression levels of mTOR, P53 and P21 compared with the Model group, which had lower LC3 II/I ratio (P<0.05; Fig. 4B and C) and higher expression levels of mTOR (P<0.05; Fig. 4B and D) , P53 (P<0.05; Fig. 4B and E) and P21 (P<0.05; Fig. 4B and F) . Compared with the Model group, the QUE group exhibited higher ratio of LC3 II/I and lower expression of mTOR, P53, and P21 (P<0.05; Fig. 4B-F) ; and the 3-MA group exhibited lower ratios of LC3 II/I and higher expression levels of mTOR, P53 and P21 (P<0.05; Fig. 4B-F) . Compared with the 3-MA group, the QUE + 3-MA group exhibited higher ratios of LC3 II/I (P<0.05; Fig. 4B and C) and lower expression levels of mTOR (P<0.01; Fig. 4B and D) , P53 and P21 (P<0.05; Fig. 4B , E and F).
Discussion
AS is a potential pathological basis of cardiovascular and cerebrovascular events, and inflammation and lipid metabolism serve an important role in its occurrence and development (19) . Autophagy is a lysosomal degradation process that inhibits cellular senescence by removing damaged organelles and long-lived proteins (20) . Autophagy is a metabolic process that degrades damaged cells and proteins, and defects in autophagy are closely associated with senescence. Studies have indicated that enhancing autophagy can prevent senescence and reduce age-associated pathological alterations in the heart and kidney, leading to improved health status in mice (21, 22) . Autophagy, a process known to be protective in age-associated cardiovascular disease, may serve an important role in the initiation and development of AS (23) . The pathology of AS is characterized by vascular smooth muscle cell (VSMC) apoptosis, vascular endothelial cell (VEC) remodeling and macrophage-mediated inflammation (2) . Weakened autophagy takes place in all major cell types in AS plaques, resulting in impaired macrophage apoptosis and increased senescence of blood vessel endothelial and smooth muscle cells (2) . Since VMSCs are the only cells in the plaque fibrous cap that generate collagen fibers, promoting autophagy of VSMCs helps stabilize the plaque and prevents its rupture (24) . It has been demonstrated that the presence of senescent VSMCs in plaques is associated with AS development, and impaired autophagy may increase the senescence process of VSMCs to drive the formation of plaque and the development AS (25) . Similarly, inhibiting autophagy promotes the senescence of VECs to increase AS development (23) .
TEM can provide an accurate and detailed view of autophagosome structures, and it is thus taken as the gold standard for determining autophagy levels (8) . mTOR is a key molecule in the process of autophagy induction. When energy is sufficient, mTORC1 is activated, and autophagy is inhibited by highly phosphorylated unc-51 like autophagy activating kinase 1 (ULK1) complex and autophagy related 13 (Atg13) (26). When energy is low, mTORC1 activity is inhibited, the dephosphorylated Atg13 and ULK1 are inhibited, and subsequently form a complex with RB1 inducible coiled-coil 1 to induce nucleation and elongation of autophagosomes (26) . LC3 is a molecular marker of autophagy, and LC3-I is modified and transformed by ubiquitin to become lipid-soluble LC3-II, which is involved in the formation of autophagosomes (27) . As a transcription factor, P53 accumulates in senescent cells and directly leads to cell senescence (28) . P21 is a negative regulator of the cell cycle, and serves a key role in cellular senescence (29) . In the present study, an AS animal model was induced by feeding ApoE -/-mice a HFD for 12 weeks. Compared with the Control group, the aortas of model mice exhibited typical AS plaques. Oil Red O staining and serum lipid analysis suggested a disorder in lipid metabolism; TEM results revealed fewer autophagosomes and altered autophagy marker proteins. Western blotting revealed increased expression in senescence factors P53 and P21. Following treatment with 3-MA, the area of aortic plaques increased compared with Model group. In addition, the lipid metabolism disorder was further aggravated and protein expression levels of mTOR, P53 or P21 were increased further whereas the LC3 II/I ratio was decreased, no autophagosomes were observed in the cells from the 3-MA group.
AS is a chronic inflammatory disease mediated by a network of pro-inflammatory cytokines, including the interleukin and TNF families (30) . TNF-α is a subclinical indicator for predicting AS. As a major pro-inflammatory mediator found in AS plaques, TNF-α activates the secretion of other pro-inflammatory mediators, prevents the synthesis of the extracellular matrix, and thus negatively impacts plaque stability (31) . The proinflammatory cytokine IL-1β serves a key role in the initiation and development of AS. IL-1β promotes the release of metalloproteinases which destroy the connective tissue matrix in plaques to render them frail (32) . IL-18 is a novel member of the IL-1 family that has been demonstrated to stimulate the expression of the inflammatory cytokines TNF-α and interferon-γ and promote the pathogenesis of AS (33) . Higher expression levels of IL-18 in AS plaques have been reported and are considered to contribute to weakened stability of plaques (33) . Autophagy, an important protective response to pathological stress, serves a role in regulating inflammation. Defects in autophagy cause the production and release of pro-inflammatory mediators, and conversely, the induction of autophagy helps eliminate inflammatory aggregation (34) . A previous study revealed that autophagy has an anti-AS effect by inhibiting AS-associated inflammation, the lipid-lowering drug atorvastatin stabilizes AS plaques and inhibits AS development by reducing the production of the pro-inflammatory cytokines TNF-α, IL-1β and IL-18, a mechanism which involves the induction of autophagy (35) . In agreement with these findings, the present study revealed that the mice in the Model group exhibited higher serum levels of TNF-α, IL-1β and IL-18 compared with the Control group, and serum levels of these cytokines were further increased following treatment with the autophagy inhibitor 3-MA.
QUE is a flavonoid compound with multiple biological activities, including anti-inflammatory, anti-senescence and cardiovascular protective properties (36) . TCM herbs South Dodder Seed Chinese Dodder Seed and Taxillus sutchuenensis (Lecomte) Danser contain QUE (37) . A previous study in our laboratory reported that QUE reduced ox-LDL-induced damage in RAW264.7 cells, reduced lipid precipitation and delayed cellular senescence (14) . In a peroxide-induced oxidative stress model in human umbilical vein endothelial cells, QUE has been demonstrated to inhibit vascular cell adhesion molecule 1 and CD80 expression, resulting in an anti-AS effect (38) . In a study using HFD-induced AS in ApoE -/-mice, QUE was found to exert its anti-AS effects by suppressing scavenger receptor expression and reducing ox-LDL absorption (39) . It has previously been reported that QUE protects endothelial cells and effectively prevents AS by upregulating autophagy via the ERK signaling pathway (15) . In an in vitro study using RSC96 cells incubated in high-glucose medium, QUE reduced cell damage, which was associated with upregulated expression levels of LC3 and increased numbers of autophagosomes (40) .
The present study demonstrated that QUE could alleviate AS lesions induced by a HFD in ApoE -/-mice, reduce lipid accumulation in aortic roots and reduce serum levels of TC and LDL-C, as well as the expression levels of TNF-α, IL-1β and IL-18. TEM revealed an increased quantity of autophagosomes in the aortas of mice in the QUE group compared with the Model group. In addition, the ratio of LC3 II/I in mouse aortas was significantly increased, while mTOR, P53 and P21 protein expression levels were downregulated compared with the Model group. The aforementioned results suggested that the mechanism of QUE in the inhibition of AS may be associated with the enhancement of autophagy and the delay of senescence.
